Coupled geomechanical and reservoir modeling is becoming feasible on a full-field scale. This paper describes the advances of the coupled model described previously, 1 its extensions for modeling compaction, and the application of the model in full-field studies.
Introduction
The geomechanical behavior of porous media has become increasingly important to hydrocarbon operations. Numerical modeling of such processes is complex and has been carried out historically in three separate areas: geomechanical modeling (with the primary goal of computing stress/strain behavior), reservoir simulation (essentially modeling multiphase flow and heat transfer in porous media), and fracture mechanics (dealing in detail with crack propagation and geometry). A modular system has been developed coupling these three modeling components in such a manner that the already highly developed modeling techniques for each component can be used fully. 1 This model has been applied to several geomechanical/reservoir problems assisting in reservoir development.
The paper will first discuss the theory of different degrees of coupling and its consequences for the formulation of the constitutive models and running efficiency of the software. Next, the modeling of compaction by rigorous means (plasticity) and its simplifications, which lead to a considerable increase of computational efficiency, will be presented. In addition to classical pressure-depletion-induced compaction, the paper will describe the theoretical and modeling aspects of thermal compaction phenomena, which have been observed in some applications.
Methods of Coupling
The key idea in the modular coupled system is the reformulation of the stress-flow coupling so that the conventional stress-analysis code can be used in conjuction with a standard reservoir simulator. This is termed a partially coupled approach because the stress and flow equations are solved separately for each time increment. However, the method solves the problem as rigorously as a fully coupled (simultaneous) solution if iterated to full convergence.
The coupling takes place through the use of interface code developed to allow communication between simulators. In a geomechanics/reservoir problem, for instance, the pressure and temperature changes occurring in the reservoir simulator are passed to the geomechanical simulator. The updated strains and stresses are passed back to the reservoir simulator and used to compute coupled parameters in the reservoir formulation (i.e., porosity and permeability). An iterative method then must be used to obtain convergence. The interface is flexible enough to allow the user to choose several degrees of coupling. The degree of coupling may affect the accuracy of the solution as well as the computational efficiency; therefore, tradeoffs may be made to optimize run times.
To see the different degrees of coupling, consider first the general formulation of the coupled problem in a finite-element setting. After discretization in space and time, such a system can be written in matrix form as 2, 3 where [K]=the stiffness matrix, Decoupled. Consider now the flow part of the coupled system only, by assuming that Dt ® d=0. This is the assumption made in reservoir simulation (i.e., stresses do not change), which gives the familiar matrix equation
Conversely, if we assume that Dt ® P=0, we obtain the classical elasticity equations. In many stress analysis packages, pressure and/or temperature can be imposed as external loads, which corresponds to assuming that Dt ® P is known. Then the top half of Eq. 1 can be decoupled and written as
In practice, decoupled simulations can be carried out in several ways.
• With a reservoir model only. To account for at least zerodimensional effects of stress changes, the compressibility terms in the [D] matrix must be modified to account for the expected type of containment in terms of deformations and the fact that the reservoir simulator uses a nondeforming grid (i.e., constant bulk volumes of gridblocks). 
known, one can calculate compressibility c R I (corresponding to free deformation) or c R II (corresponding to laterally constrained deformation) to use in the reservoir simulator. 1 While this implicitly assumes stress changes in each block, the stresses are not calculated.
• Using a reservoir solution (Eq. 3), one can compute the entire time history of ® P and use it to compute a transient stress solution with Eq. 4. This approach is being employed frequently because conventional models can be used; 5, 6 it essentially amounts to computing two independent time histories with no coupling (at best, the porosity or permeability relationships can be updated in specific time intervals manually 7 ). A significant improvement to the "reservoir model only" approach can be obtained by employing the zero-dimensional stress solution assuming zero lateral strain. In an idealized case, the change of average horizontal stress Dshavg can be computed from change of average reservoir pressure Dpavg by Then, the coupling term can be formally included in Eq. 3.
In practice, because the reservoir model is usually finite-difference and the stress model is finite-element, the coupling through the
[L]
T matrix is reflected in porosity and permeability dependence on stress. One would calculate the local effective stresses from block pressure and average stresses and define porosity and permeability as a function of the effective stress state. This approach accounts for overall depletion effects and has been used quite early 8 to model stress-dependent permeability.
Explicitly Coupled. Explicit coupling can be achieved by lagging the coupling terms one timestep behind. Starting with the reservoir solution and known change of stress over the previous timestep, Dt ® d n , we first solve Then, using the flow solution, DtP n+1 , the stress solution is advanced by Again, the implementation does not involve the use of the [L] matrix because the discretizations are usually different. Instead, the porosity in Eq. 7 is expressed as a function of both pressure and mean stress. The discretization of the accumulation terms in Eq. 7 can then be done in a mass conservative fashion. The stressdependent terms in the [T] matrix can be treated explicitly in terms of stress. A variation of this approach, where only the coupling through the [T] matrix is considered (and the volume coupling ignored), has been used for modeling cases where the dominant feature is the stress-dependent enhancement of permeability (i.e., waterflooding 9 ). The explicit coupling is a special case of the iteratively coupled system, 1 in which only one iteration per timestep is performed (see the next section).
Iteratively Coupled. The iterative method consists of a repeated solution of the flow and stress equations during the timestep according to
Obviously, when the iteration (Eq. 9) converges,
, and
n+1 the solution is identical to the fully coupled system, Eq.
1, provided that any iterative processes in either formulation have been converged. Again, including the coupling term in Eq. 9a is equivalent to expanding the porosity f in the reservoir model as a function of p, T, and mean stress, or I1, as detailed in Ref. 1 . Thus, the porosity in the reservoir model is determined directly by the volumetric strain computed from the stress model, rather than by some compressibility relation (this point has often been misunderstood). The coupling through flow properties (i.e., effect of stress
). Convergence of the iteration on the volume coupling has been established. 10 The iterative method as implemented in this work is the most flexible. It includes the explicit coupling (one iteration/timestep) and can be simplified further by specifying the porosity vs. effective stress relation directly in the reservoir model. This latter approach often increases computational efficiency without sacrificing accuracy, as discussed in the next section.
Fully Coupled. The fully coupled approach has the advantages of internal consistency, as the full system (Eq. 1) can be solved simultaneously with the same discretization (usually finite-element). There are only a few models that currently treat multiphase flow. 2, 11, 12 Large development efforts will be needed to bring their flow-model capabilities on par with existing commercial (finitedifference) simulators.
Modeling of Compaction
Modeling reservoir deformation is of considerable importance in soft and/or thick reservoirs, where the results of compaction may provide an important production mechanism, cause well failures, and/or cause ground subsidence or heave with environmental consequences. Field development of large compacting fields such as Groningen, Wilmington, the Bolivar coast of Venezuela, or Ekofisk led to the development of techniques for estimating compaction, starting with the work of Geertsma [13] [14] [15] and followed by a number of modified reservoir models. [16] [17] [18] [19] The common feature of such reservoir-compaction models was that the compaction is treated as a 1D problem (uniaxial strain) by assuming that (a) only vertical deformations take place and (b) each vertical column of blocks deforms independently. Consequently, the porosity changes were calculated by modifying the conventional compressibility cR based on the results of uniaxial strain laboratory experiments, and the stress problem was not solved. The relation between reservoir compaction and surface subsidence was typically obtained by an independent solution of a stress problem using the computed compaction as a boundary condition.
In the context of the thermal coupled model presented here, both compaction and subsidence are obtained naturally as part of the solution. Typically, the stress part of the model would be extended upward to the surface as well as laterally so that any arching effects of the over-and sideburden would be captured. Moreover, the laboratory-compaction data are used to calibrate the stress/strain (constitutive) model of the skeleton rather than to define cR. Therefore, the coupled model can represent the material behavior under general triaxial loading paths and can include effects of shear and temperature. Finally, the model provides the stresses and displacements necessary to analyze casing failure, a frequent problem in compacting reservoirs. 20 In particular, the casing-failure study in thermal operations 21 was performed with the coupled system described here.
The constitutive model is the key element of the compaction model [analogous to the pressure/volume/temperature (PVT) model in compositional simulation, for example]. Elastic and plastic deformations may occur in the reservoir, but we typically associate compaction with the plastic deformations. Therefore, its modeling requires an elastoplastic constitutive model. However, useful approximations can also be obtained using a nonlinear elastic model with hysteresis. These two approaches will be described and compared next. 
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a compressive cap, will be used. The failure criterion is formulated in terms of invariants of the effective stress tensor, with compressive stresses defined as negative values. The following standard stress invariants are used.
The Drucker-Prager yield surface is shown in Fig. 1 . The yield surface has two sections. One is the standard Drucker-Prager failure surface, denoted here as the cone. On the cone, the expression for the yield surface is
The expression for the cap portion of the yield surface is
The equation F=0 defines the yield surface. The cap and cone portions of the surface are constrained to meet at their common point of tangency. If the friction angle is constant, the value of a and the location of the transition point can be computed from the following expressions.
The Drucker-Prager model is a so-called two-invariant model because the yield function depends only on two of the stress invariants. Hardening of the cap is an important part of the model because this is the region of compaction. It is controlled in the model by a user-defined relationship between the volumetric plastic strain and the mean effective stress. The change of the porosity during plastic hardening then corresponds to the observed compaction compressibility.
Nonlinear Elastic Constitutive Model. The nonlinear elastic model used for the analyses of this paper is a modified hyperbolic model. 22 The model varies the Young's modulus E and bulk modulus B as a function of the mean stress as follows.
where Ei=the initial Young's modulus, Bm=the tangential bulk modulus, sr=the reference stress (may be either the minimum effective stress or the mean effective stress), Ke, Kb and ne, nb=the constant and exponent parameters for describing the magnitude and shape of the Young's and bulk moduli, and pa=atmospheric pressure. The tangential Young's modulus Et is then computed with the following formulas.
where sd=the deviatoric stress (s1-s3), Rf =the failure ratio representing the maximum deviator stress (calculated with a MohrCoulomb failure criterion) to the ultimate deviator stress predicted from the hyperbolic fit, and e1 and e2=the exponent parameters 23 that govern the behavior of the tangential Young's modulus as the deviator stress increases. The classical hyperbolic model 22 is obtained by setting e1=2 and e2=1. Thus, for the classical model, as the deviator stress increases, a reduction or softening of the Young's modulus occurs according to the value of Rf (normally between 0.5 and 0.9). The friction angle F, used to calculate the maximum deviator stress according to a Mohr-Coulomb criterion, was allowed to decrease with increasing stress level as follows.
where F1=the value of the friction angle at a confining stress of pa (1 atm), DF=the reduction in friction angle for a 10-fold increase in confining stress (1 log cycle), and s3=the minimum effective stress.
Comparison. The two constitutive models described previously are both capable of predicting nonlinear stress/strain behavior. The elastoplastic formulation is a much more rigorous approach in dealing with the post-failure material behavior. The nonlinear elastic formulation was historically developed for prefailure behavior. It is a good representation for the stress-strain response for many soils and soft rocks under standard triaxial loading at constant confining stress up to a shear-induced failure. 22 Once shear failure occurs (i.e., the failure criterion is reached), the hyperbolic model is unable to implement post-failure phenomenon (i.e., strain hardening or softening); rather, the stress path is restricted to the elastic stress space.
This limitation in post-shear-failure behavior is not an issue in the majority of reservoirs experiencing compaction effects because the mechanism is a cap failure. Although the deviatoric stress may increase during pressure depletion (considering uniaxial strain conditions), the shear stress developed is likely still below the shear failure criterion. Therefore, the hardening behavior associated with compaction may be captured by the hyperbolic formulation by using the mean effective stress as the reference stress. Thus, as the mean effective stress increases owing to pressure depletion, the moduli values will increase (Eqs. 18 and 19) . Also, as the pressure decreases, the deviatoric stress will increase (assuming The negative sign indicates that the deviatoric stress will increase with a decrease in pressure (negative Dp) and will soften the modulus according to Eq. 20. Therefore, the two mechanisms are in competition. The hyperbolic parameters may be adjusted so that one or the other dominates, as the lab data dictate. An example lab data set has been used to illustrate that both constitutive models may be adjusted to obtain a good representation of the material behavior. Fig. 2 compares the raw data and best fits of both models. The comparison shows that both constitutive models may be used to match common compaction data. Tables 1 and 2 contain constitutive model parameters used for the history match.
The hyperbolic model cannot match the elastic and the plastic part of the typical compaction path simultaneously, as shown in Fig. 3 . Although in some reservoirs both elastic and plastic deformations occur (e.g., Fig. 4 of Ref. 7) , sometimes the reservoir stress is already close to the cap [i.e., the original elastic zone up to the preconsolidation stress, spre, is very small (see Fig. 15 of Ref. 24) ]. In this case, the hyperbolic model can be matched to the plastic path, and the initial elastic loading can be ignored. The model implemented also includes hysteresis of mechanical properties, whereby a completely different set of parameters will be used (in an incremental fashion) when the effective stress starts to decrease. The hysteresis is used to model the elastic behavior along the rebound curves, as shown in Fig. 3 .
The hysteresis also offers a means to treat the general case in which the initial part of the loading is elastic. If the preconsolidation stress, spre, at which the cap is reached, is greater than the initial stress state of the reservoir, it is sufficient to set the maximum historical stress to spre and then initialize the model on the hysteresis curve.
The main advantage of using the nonlinear elastic model vs. the elastoplastic model is computing efficiency. For example, a simple seven-spot element-of-symmetry model with a 6´10´16 grid was run through a 10-year depletion scenario with both constitutive models described earlier. Both models were run with the explicit timestep coupling. In addition, the elastic model was run iteratively coupled (converged with a pressure tolerance of 0.001). The comparison of the surface displacement uz at the surface and run times is shown in Table 3 .
The elastoplastic model run times were approximately twice as long as those of the nonlinear elastic model, and the fully coupled model was also 3.5 times slower, while all the results were within 5%. Of course, run times will be problem-dependent, but for many compaction problems, plastic failure begins at the onset of pressure depletion. Thus, all elements are in plastic failure throughout depletion, resulting in significant computing costs if the elastoplastic model is used. There are some instances in which the nonlinear elastic model may not be applicable (i.e., more complicated stress paths that may occur near the wellbore), but for the majority of the reservoir, a nonlinear elastic model can be used. Thus, significant gains in computational efficiency can be obtained with little loss in the accuracy of the solution.
Thermal Compaction
The constitutive models presented so far have neglected thermal effects on the stress/strain behavior. In certain reservoir materials, this may not be valid. Coussy 25 has presented a brief description of incorporating thermal effects in the elasticity domain for a general thermoporoelastoplastic formulation. In short, the equation governing the free energy of a system was modified to include thermal effects in the hardening parameter governing the evolution of the elastic domain. Therefore, temperature changes are incorporated into a general loading function, which may cause thermal hardening and plastic strain (depending on the direction of the temperature change). This rigorous formulation was simplified and applied to the nonlinear elastic model described earlier. The modifications to the nonlinear elastic formulation are described next.
Modified Formulation of Thermoporoelasticity. The general equation of thermoporoelasticity (compression is negative) may be formulated as where sij and eij=total stress and strain components, p and T=pore pressure and temperature; other symbols are defined in the Nomenclature. Eq. 24 was modified to include terms associated with thermal compaction and hardening. The following equation was used to represent the strain for an increment in temperature.
Here, Ka and na describe the shape of the thermal compaction curve (as a function of temperature), and Tref=a reference temperature (usually ambient or initial reservoir temperature). The variable acomp represents essentially the same material behavior as the coefficient of linear thermal expansion, although acomp may have a different sign and is a nonlinear function of temperature. The thermoporoelastic formulation (Eq. 24) is modified so that aL is replaced with the sum of the thermal expansion and compaction effects of the material.
It is expected that any thermal compaction occurring (a nonrecoverable plastic compression of the matrix) would induce hardening of the Young's and bulk moduli of the material. Thus, the nonlinear elastic constitutive model discussed previously was modified as follows.
A modification of the moduli will occur only when the reservoir is heated or cooled from the initial reference temperature. The exponents me and mb describe the shape of the modulus multiplier. Hysteretic behavior may be used for these modified variables and is based on the direction of temperature change as opposed to pressure or effective stress.
Calibration With Lab Data.
A hypothetical example of test data will be used to demonstrate how to calibrate the model. The test (similar to actual tests that led to the development of the method) consists of a series of temperature loads applied to a sample under isotropic confining stress conditions. The volumetric strain is measured throughout the test. To calibrate the hardening parameters, mechanical loading stages should follow each temperature load. Fig. 4 presents a comparison of the hypothetical raw data and a best fit using the nonlinear elastic model. The thermal compaction parameters required to history match the lab data are listed in Table 4 . The values for the thermal hardening parameters were not calibrated using the data presented in Fig. 4 because alternating mechanical and thermal loading is needed. All other parameters required for the nonlinear elastic model are contained in Table 3 .
The loading data shown in Fig. 4 are contrary to what would be expected based only on the thermal expansion of the solid (which would follow the unloading path of Fig. 4) . A number of mechanisms can be responsible for the compaction, including weakening of bonds, grain rearrangement, and shrinkage of some mineral components. The plastic hardening is evident from the curvature on Fig.  4 . Finally, it should be noted that the amount of thermal compaction will be dependent on the loading path and type of material, and the case shown here should not be regarded as typical.
Field Examples
Thermally Sensitive Heavy-Oil Field. The following example illustrates the thermal effects caused by steamflooding a heavy-oil reservoir. The field consists of a flat, five-layer reservoir system with 32 production wells interspersed with 17 water and steam injectors. Table 5 lists the general reservoir properties used in the example. The production wells were perforated in Layers 2 through 4, while the injectors were only perforated in Layer 4.
Lab Data Match. The lab data used for the example are presented in Figs. 3 and 4 . As discussed, the nonlinear elastic model provides a good match of the data and was used for this example. The material shows sensitivity to both pressure decreases and temperature increases, indicating that compaction may be an issue depending on the magnitude of pressure depletion and heating of the reservoir.
Full-Field Compaction. The full-field simulation consisted of a 10-year production/injection period. All wells in the full-field model were set to constant fluid-rate constraints for the full simulation period. The production wells were set to produce at 450 BOPD with a minimum bottomhole pressure (BHP) of 15 psia. The water injectors were set to 650 BWPD (at Tinj=Tres), and the steam injectors were set to 1,000 BWPD (0.8 steam quality at Tinj=550°F).
The results of the simulation are illustrated in Figs. 5 through 7. It is apparent that the thermal component of the compaction is dominant, as the total compaction pattern follows the temperature pattern. This is, of course, a function of the material behavior as expressed by Fig. 4. For comparison, Fig. 8 shows the case in which the thermal compaction component was removed and the normal thermal expansion coefficient was used. This case shows (25) comp ref 5.6×10 Gas Field. The model described here has been used in development planning of a large offshore gas-condensate field. The model has been used directly to forecast both reservoir compaction and seafloor subsidence. The work to date has shown the importance of obtaining correct laboratory data, as well as detailed simulation of the reservoir surroundings. While the complexity of the model does not allow detailed description here, selected results are shown to illustrate these points.
Lab Data Match. Owing to considerable reservoir heterogeneity, lab samples were obtained and tested for a wide range of porosities. The results were grouped for modeling into three material types based on permeability ranges. An example of the stress/strain and volumetric-strain match is shown in Fig. 9 .
Example of Predictions. The reservoir model consists of a 52´12´12 block grid with heterogeneous properties and considerable structure. This model represents one of the fault blocks in the field. Initially, a stress model was built with the same 52´12´12 areal grid, assuming free deformations at the top of the reservoir. This is the base-case scenario. A more rigorous model was created by extending the finite element (FEM) grid for the stress solution above and below the reservoir grid, modeling compaction transferred to the seafloor as well as any rebound below the reservoir. The resulting grid consisted of 52´12´18 elements. This model (both the reservoir and FEM grids) is shown in Fig. 10 . Finally, a model was extended to the flanks of the reservoir (parallel to the faulting), resulting in a 60´12´18 grid.
The fault block is produced by six vertical wells completed over six layers so that the reservoir is depleted from the initial pressure of 3,400 psi to approximately 1,800 psi after 20 years of production.
The time history of predicted compaction from these three cases [at the areal location (27,3) for the sum of all reservoir layers] is shown in Fig. 11 , normalized to the base case. It can be seen that the compaction is not sensitive to the inclusion of the overburden in this case. This is because of the soft properties of the overburden; in cases in which the reservoir is surrounded by harder rock, significant arching may occur. To demonstrate this, another case was run with stiffer overburden, which is also shown in Fig.  11 and results in decreased compaction. The 20-year simulation took 176 minutes for the base case, 183 minutes for the overburden case, and 255 minutes for the overburden+flanks case, on a 450 MHz Pentium with 500 MB of random access memory (RAM). This compares with 13 minutes for an uncoupled run with the reservoir model only. Although the coupled modeling requires an order of magnitude more time, the run times 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30 
Conclusions

1.
A coupled thermal reservoir/geomechanical model with modular coupling and elastic or elastoplastic rock behavior was developed and applied to several field studies. The system is now sufficiently advanced so that geomechanical modeling can be used for reservoir planning in the same manner as conventional reservoir simulators.
2. The coupling method developed offers different degrees of coupling from independent flow and stress solutions to a fully coupled system, with corresponding differences in run times. The timestep explicit coupling provides the best compromise between computing efficiency and accuracy for compaction problems. 3. Correct representation of the stress/strain (constitutive) model of the skeleton is the key for realistic predictions. A nonlinear elastic model with hysteresis can be used to approximate an elastoplastic model for modeling compaction at a fraction of its computer requirements. A. (Tony) Settari is president of Taurus Reservoir Solutions Ltd., a petroleum and geomechanics engineering firm based in Calgary, and holds the Petroleum Engineering chair at the U. of Calgary. e-mail: Asettari@TaurusRS.com. He is a leading expert in the area of reservoir engineering and computer simulation of petroleum reservoirs, and in the analysis of fracturing and geomechanical processes in reservoirs. He has been involved in a wide range of simulation applications, including naturally fractured reservoirs, enhanced recovery projects, hydraulic fracturing and acidizing, in-situ thermal processes in oil sands, perforation mechanics, and geomechanics. Settari holds a BS degree from the Technical U. of Brno, Czechoslovakia and a PhD degree in mechanical engineering from the U. of Calgary. Dale Walters is a senior engineer with Taurus Reservoir Solutions Ltd. in Calgary. e-mail: Dwalters@TaurusRS.com He has been involved in a wide range of simulation applications, including reservoir compaction, hydraulic fracturing, thermal processes in oil sands, and enhanced recovery projects. Walters holds BS and MS degrees from the U. of Calgary, both in civil engineering. 
